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Abstract 
This paper investigates the potential and economics of electrical space heating in Swedish single-family 
dwellings (SFDs) to provide Demand Response (DR) for the electricity load in Sweden.  
A dynamic and detailed building-stock model, is used to calculate the net energy demand by end-use 
of a set of sample buildings taken as representative of all Swedish SFDs with electrical heating. A new 
sub-model optimizes the dispatch of heating systems on an hourly basis, for each representative 
building, minimizing the cost of electricity purchased from the hourly spot market. 
The analysis of the Swedish SFD buildings indicates a technical DR capacity potential of 7.3 GW, which 
is considerable and can be used for the management of intermittent electricity generation. This 
potential could also prove to be valuable in the operating reserve market. However, this requires that 
the DR, rather than being governed by a single hourly electricity price signal, would instead be subject 
to a more centralized control. The modeling shows that DR can be expected to result in up to 5.5 GW 
of decreased load and 4.4 GW of increased load, if applying current Swedish electricity prices.  The 
modeling shows that DR shifts up to 1.46 TWh of electric heating, corresponding to 1% of total Swedish 
electricity demand. The potential savings from DR for individual SFDs is found to be low, 0.9 to 330 
€/year, given current Swedish electricity prices. 
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1. Introduction 
One way to facilitate large-scale integration of intermittent electricity generation is to match electricity 
supply and demand by applying Demand Side Management (DSM) measures. One such DSM measure 
is Demand Response (DR), whereby electricity consumers, in response to some incentive, alter their 
consumption patterns to in a more optimal way match the generation of electricity [1]. With the 
implementation of electricity smart meters in Sweden it has become possible for residential customers 
to have real time pricing and thereby take part in DR [2]. With the residential sector in Sweden 
accounting for 23% of total electricity consumption, residential loads could potentially have a 
significant role in balancing variations in the electricity supply system. The potential for dishwasher, 
laundry and water heating loads has previously been studied by Puranik [3]. Electrical space heating of 
single-family dwellings (SFDs) represents about 50% of the residential electricity demand and has a 
higher power capacity compared to other electrical household devices, such as white appliances [4]. 
Thus, electrical space heating offers a substantial contribution to variation management. This demand 
can be used for DR purposes through the storage of the heat produced by electric heating systems, 
e.g., heat pumps and electric radiators, in the building mass and in the indoor air [5, 6]. The present 
study aims at investigating the DR potential, in terms of time frame for load shifting as well as capacity 
and energy of the shifted load, for electric space heating in Swedish SFDs through using the thermal 
inertia of the building stock. From these results, we show the potential impact such DR could have on 
the load curve in the Swedish electricity system.  
Three different options for heat storage in buildings were introduced by Arteconi et al. [7]:  latent heat 
storage in the form of phase-changing materials; sensible heat storage through active storage, i.e., via 
the use of heat storage equipment; and sensible heat storage through passive storage that utilizes the 
thermal mass of the building by varying the indoor temperature. The present study focuses on the 
latter option, utilizing sensible heat storage. Several studies have investigated the possibility to utilize 
this type of storage to shift electricity consumption for heating or cooling loads temporally. The 
modeling approach in literature can be divided into two types of models, system level optimization 
models and simulation models, simulating an individual or a few individual buildings in order to analyze 
strategies for shifting load.  
Studies that have investigated the use of thermal mass of buildings to move cooling loads [8-13], 
mainly target commercial buildings due to their high levels of electricity consumption for cooling. The 
analysis of the load shifting is usually based on the performance for days up to weeks. Yin et al. [11] 
identified the possibility to shift peak loads (on a single building level) to achieve a 10%–30% reduction 
in the maximum electricity load of the building. Furthermore, Morgan and Krarti [10] and Braun [12] 
have shown that the operating cost of cooling systems can be reduced by 10%–20% by shifting the 
load from peak demand hours. Published studies on the pre-heating of buildings mainly propose 
strategies to control the heating system to shift the load and optimize electricity consumption with 
respect to reduced peak demand [14-16]. Apart from reducing the peak load, Hughes [17] has 
concluded that load shifting facilitates the integration of more renewable energy sources into 
electricity systems, such as wind power. Reynders et al. [18] modeled the potential for thermal storage 
using space heating in a net zero-energy building in Belgium equipped with a PV system. They conclude 
that there is a mismatch between PV generation and space heating demand. Consequently, it is not 
obvious how to apply thermal storage in order to increase the use of PV electricity. Yet, DR through 
thermal storage was shown to reduce demand with up to 94% during peak demand hours [18]. 
Patteeuw et al. [19] investigated different optimization modeling approaches for DR of electric heating 
systems and their ability to describe the DR behavior. They conclude that in order to capture the 
characteristics of DR, models that include both supply and demand is preferable (which they denote 
integrated models).  
A few studies have investigated the potential of DR residential heating loads on a system level with 
different geographic scope, i.e., Hedegaard and Balyk [20] and Hedegaard et al. [21] for the Danish 
heating system, Papaefthymiou et al. [22] for Germany, and Meibom et al. [23] for Northern Europe, 
all of which have focused on the integration of wind power into the electricity system. Papaefthymiou 
et al. [22] showed that for a case with renewable energy penetration of 47%, heat pumps reduce 
system costs to a greater degree than pumped hydro storage. This is because the losses incurred by 
the round-trip efficiency of the pumped hydro storage are higher than the losses that result from 
storing heat. Papaefthymiou et al. [22] concluded that taking into account the minimum load 
requirements and start-up costs for conventional power plants without allowing curtailment increases 
the system value of the DR measure. Hedegaard et al. [21] concluded that investments in heat pumps 
together with passive storage, i.e., using the thermal inertia of the buildings, could reduce fuel costs 
and CO2 emissions to a break-even cost in the Danish energy system when there is 50% wind power 
(the possibility to export/import electricity is included). They also found that investments in heat 
storage in the form of accumulation tanks are not cost-effective. However, their study was limited to 
future investments in heat pumps and did not consider the currently existing heating technologies in 
the Danish building stock. As Hedegaard et al. [21] utilized a simplified modeling of the thermal 
behavior of the buildings, their results may overestimate shifting times. Papaefthymiou et al. [22] 
applied more in-depth modeling of the buildings, although the temperature dependency in the heat 
losses was not accounted for in their analysis. In the study of Hedegaard and Balyk [20], a modeling 
framework for the thermal behavior of the buildings was implemented, although it did not include 
solar radiation and lacked a detailed description of the building stock. They showed that the use of 
heat pumps for DR resulted in a reduced need for peak and reserve capacity investments. 
Although the above works indicate that implementing DR may be favorable for the electricity system, 
none of the above papers assessed how building characteristics influence the use of electric heating 
for DR, in the form of passive storage, in the building stock. There is also a lack of studies on the effects 
of large-scale implementation of DR by electric heating in Sweden and its effects on the Swedish 
electricity system. Therefore, the present study investigates the potential of electrical space heating 
in Swedish SFDs to act as a DR and examines both how DR influences the electricity load curve and the 
magnitude of the economic benefit from the resulting reduction in the cost of electricity. More 
specifically, we address the following four research questions: (1) What is the DR potential available 
under the present price structure given an individual DR?; (2) What would the potential effect of such 
a shift be on the Swedish electricity load curve and on the final electricity demand for space heating?; 
(3) Which building characteristics influence load shifting the most?; and (4) What are the possible 
monetary savings for consumers who shift their electrical space heating load, assuming the current 
market structure? 
2.  Electricity demand in Swedish SFDs 
The total amount of electricity consumed in Sweden during Year 20122 was 143 TWh: 42% by industry, 
25% by the residential sector, 25% by the tertiary sector, and 8% attributed to distribution losses. In 
the residential sector, permanent SFDs use 25.6 TWh of electricity (56% for space heating and 
production of hot water, and 44% for household electricity), while multi-family dwellings (MFDs) use 
6.4 TWh (23% for space heating and production of hot water, and 77% for household electricity) [24]. 
The low level of electric heating use in MFDs is due to the fact that 92% of the MFDs are connected to 
the district heating grid [4]. In all, space heating in SFDs accounts for 12% of the total electricity 
consumption in Sweden. These values are comparable with the most recent data for the year 2013 
[25], although the overall electricity demand was slightly (3%) lower during 2013. 
There are approximately two million SFDs in Sweden3, out of which 1.3 million have some form of 
electrical heating system [24, 26]. Figure 1 shows the distribution of heating sources in Swedish SFDs. 
In the electricity category, electric radiators, electric boilers, and air-source heat pumps are included. 
It is clear that electric heating by itself or in combination with other heating systems constitutes a 
major proportion of the installed heating systems. The other electricity-consuming category is ground-
source heat pumps, which includes heat pumps that draw energy from the ground or a body of water. 
Comparing the 2012 to data for 2013 the changes in distribution of heating sources and number of 
households are minor [27]. 
Swedish SFDs that are heated directly with electricity consume on average 15,000 kWh/year of 
electricity for space heating [24]. In contrast, households that are indirectly heated by electricity (both 
partially and using heat pumps) consume about 6,000 kWh/year of electricity for space heating [28]. 
In summary, there is substantial potential for space heating electricity in Swedish SFDs, which could 
provide DR. The purpose of this paper is to investigate to what extent and under which conditions this 
potential can be realized. 
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 Figure 1. Distribution of space heating sources in Swedish SFDs, where ‘Electricity’ denotes electric boilers, electric 
radiators or air heat pumps and ’Non-electric heating’ comprises mainly district heating and local boilers, such as those 
fueled by pellets or oil [24]. 
 
3. Method 
The electricity demand for space heating is calculated with the building-stock model ECCABS (Energy 
Carbon and Cost Assessment of Building Stocks) [29], together with an additional sub-model 
developed for this work. This sub-model enables shifting of the electric space-heating load in time. 
The sub-model is allowed to shift the electric space-heating load as long as the indoor temperature 
stays within a predefined temperature range (21.2°–24.0°C).  
3.1 Modeling of the building stock 
The ECCABS model is a bottom-up engineering model [according to the classification of Swan and 
Ugursal [30]]. The model calculates net energy demand of individual representative buildings based on 
the physical properties of the buildings, a description of the heating and ventilation systems, the level 
of energy usage, and climatic conditions. The model treats each building as one thermal zone. 
According to the classification of calculation procedures in ISO 13790, the model is detailed, hourly 
specification of the input data and the results, and dynamic, takes into account the thermal mass of 
the building at each time step[31]. The energy balance is calculated every hour for each representative 
building, and the results are summed to give the annual net and final energy demands per end-use and 
building type. The results are extrapolated to represent the building stock of a country (in this case, 
Sweden) by means of weighting coefficients that are related to the frequency of each representative 
building in the building stock investigated. The energy model has been verified by inter-model 
comparisons and empirical validations [29]. The building-stock model has already been used to 
investigate the building stock of Sweden, see Mata et al. [32], Mata et al. [33] and Nik et al. [34] as well 
as of various European countries [35, 36]. 
To analyze the characteristics of DR requires a dynamic and detailed modeling approach. Thus, the 
modeling approach enables input of hourly patterns, the same resolution as real-time pricing, of heat 
gains (occupants, lighting and appliances), and accounts for the thermal inertia of the building, while 
also allowing calculation of the indoor temperature.  
3.2 Optimization 
The sub-model developed in the present work minimizes the annual electricity cost of each modeled 
SFD, based on the demand for electrical space heating obtained from the ECCABS model. This is done 
by dispatching the different electric heating systems installed in each SFD, i.e., the sub-model decides 
how the heating system should operate in each hourly time step. The dispatch of the heating system 
is governed by the hourly price of electricity, which for a consumer includes the spot price, surcharges, 
electricity tax, VAT, and a grid transfer fee. The model dispatches the heating system in order to pre-
heat the building during low-price hours and maintain the heating off during high-price periods, 
provided that the indoor temperature is within limits that are defined as set values in the modeling 
(21.2°–24.0°C). This operation is restricted by an upper limit to the amount of energy that can be 
supplied during a single time step, which is determined by the installed heating capacity, i.e., the power 
rating of each heating system, and the maximum and minimum allowed indoor temperatures. For 
details of the sub-model, see the Appendix.  
The potentials for DR are obtained by comparison to a reference electricity demand, for which no DR 
occurs. The baseline is created by assuming that only a minimum indoor temperature of 21.2°C has to 
be maintained, as this temperature corresponds to the measured average temperature in Swedish 
SFDs [37].  
3.3 Input data for the building stock model 
In the model, 571 sample buildings represent the Swedish SFDs with electrical heating. These sample 
buildings are extracted from a dataset of 1,400 buildings that are representative of the entire Swedish 
building stock that has already been presented [32], taken from a survey conducted by the Swedish 
National Board of Housing, Building and Planning for the Swedish residential building stock [37]. As 
summarized in Table 1,  most of input parameters  for the building-stock description can be found in 
Mata et al. [32], whereas modified or new data for this paper follow below. The buildings are located 
in 30 different municipalities, chosen to represent different climatic regions and sizes of municipalities. 
Years 2010 and 2012 are investigated with respect to outdoor temperature and irradiance input data 
[38], where Year 2010 represents a year with a low average temperature and high average electricity 
price and Year 2012 is a year with a normal average temperature and normal average electricity price.  
Table 1. Summary of input data (with corresponding sources) for the two models used in this work. 
Input data for the building stock model ECCABS  
Building geometry 
Properties of construction materials 
Presented in [32], based on[39],  and [40] 
Effective heat capacity* 130,000 J/K m2 [32, 41]. 
Use of lighting and appliances Average values based on[37]. Profiles based on 
[28] 
Type and efficiency of the electrical heating 
systems* 
Presented in [32], based on [39] and [40] 
Power rating of the heating equipment Done in this paper, based on [41] 
Temperature and solar irradiation data Taken from [38] 
Input data for the optimization sub-model  
Hourly day-ahead electricity spot prices Taken from [42] 
Electricity tax 0.0417 €/kWh [43] 
VAT 25% [44] 
Distribution fee 0.0345€/kWh [45] 
Company surcharge 0.0046 €/kWh [45] 
(*) These inputs have already been used in [32], but are described in detail in this paper for being key for studying DR. 
The effective heat capacity of each building, which is used here and in the original dataset, is estimated 
by The Swedish National Board of Housing Building and Planning [46] as a fixed value per square meter 
of the buildings’ heated floor area, i.e., 130,000 J/K m2. This fixed value is approximately the average 
of the range for very light to very heavy buildings reported in the ISO13790 standard [31]. 
Six different types of electrical heating systems are used with different levels of efficiency and, for the 
heat pumps, different coefficient of performance (COP): electric boilers (with hydronic system); direct 
electric heating (without hydronic system); and four different types of heat pumps. The heat pumps 
are categorized based on their COPs, and the COP is assumed to be constant for each type of heat 
pump and is set to a yearly average, with the COPs being 3.5, 3, 2.5, and 1. The efficiency of the electric 
boilers and for direct electricity is set at 0.98. The classification and efficiency levels/COPs are taken 
from [39]. 
The definition of the values for the power rating of the heating equipment in the different buildings is 
based on the method recommended by the Swedish National Board of Housing, Building and Planning 
[41].  
Variations in the hourly internal heat gains from lighting, appliances (not including heating), and 
occupancy are given as inputs to the energy balance in the modeling. The variations consist of a weekly 
variation (one value per week) for heat gains from lighting and cold appliance loads to capture seasonal 
variations (seasonal variations are not applicable to other appliance loads) (see Figure 2), and intraday 
variations (one value per hour) from lighting, appliances, and cold appliances (see Figure 3), both of 
which are based on the data from Zimmermann [28]. The same variations are applied to each sample 
building. The annual average internal heat gains per hour for the loads, which are used as the basis for 
calculating the variations, are assumed to be the same as in the original dataset, i.e., 0.72 W/m2 for 
lighting, 0.78 W/m2 for occupancy, and 2.15 W/m2 for appliances [29]. Heat gains due to occupancy 
are assumed to follow the calculated average for the appliance and lighting patterns.  
 Figure 2: Average weekly variations in heat gains from lighting loads and cold appliances as a share of the average annual 
heat gain in Swedish SFDs[28]. 
 
 
Figure 3: The average hourly (hour 1–24) variations in heat gains as shares of the weekly mean values from cold appliances, 
appliances, and lighting, obtained from measurements in Swedish SFDs[28]. 
3.4 Input data for the optimization sub-model 
The hourly day-ahead electricity spot prices are obtained from Nordpool Spot for the years 2010 and 
2012 [42]. In Year 2010, Sweden had a common electricity price, with an average annual electricity 
price of 0.062 €/kWh. However, since November 2011, Sweden has been divided into four pricing 
areas, SE1–SE4, and for Year 2012, the following average prices (in €/kWh) applied to the four pricing 
areas: 0.032 (SE1), 0.032 (SE2), 0.033 (SE3), and 0.034 (SE4). The electricity tax, VAT, distribution fee, 
and company surcharge were set at 0.0417 €/kWh [43], 25% [44], 0.0345€/kWh, and 0.0046 €/kWh, 
respectively [45]. All costs are given in €2012. 
3.5 Validation of the baseline  
The description of all Swedish SFDs with electrical heating is validated for Year 2010 by comparing the 
electricity demand obtained from the modeling using the building description with the corresponding 
data in statistics from the Swedish Energy Agency. The resulting total demand for electricity for space 
heating and hot water from the model for Year 2010 is 19.9 TWh, which is 1.5% higher than the value 
derived from the statistics. According to the Swedish Energy Agency [47], the total electricity demand 
for space heating and hot water in Swedish SFDs in Year 2010 was 15.9 TWh. However, in dwellings 
that were partly or exclusively heated with electricity, the Swedish Energy Agency [24] indicates that 
an additional 2,900 kWh/dwelling should be treated as electricity for heating purposes, resulting in an 
additional demand of 3.73 TWh when applying this value to the 1.29 million SFDs that are partly or 
exclusively heated with electricity in the present work. Thus, the electricity demand for heating and 
hot water becomes 19.6 TWh. The electricity demand for space heating (only) from the model is 17.5 
TWh. The hot water demand is not modeled. Instead, an average demand of 1,900 kWh/dwelling is 
assumed, which gives a total electric hot water demand of 2.44 TWh [48]. Thus, the total electricity 
demand for space heating and hot water is 19.9 TWh. 
According to The Swedish Energy Agency [47], approximately 1.29 million SFDs are entirely or in part 
heated by electricity; the corresponding number for the input used in this work is 1.26 million, which 
is 2.3% lower than the value from the statistics. The heated floor area reported by The Swedish Energy 
Agency [47] is 185 million m2 for dwellings that are partly or exclusively heated with electricity; the 
corresponding result for the input used in this work is 192 million m2, i.e., 3.8% higher.   
4. Results 
The shifting patterns in the modeling are dependent upon the electricity price structure, outside 
temperature and the internal and external heat gains. In the modeling three general shifting patterns 
can be observed, all of which are primarily driven by the electricity price structure. The first occurs 
when a fairly flat price curve is followed by an increase in electricity price. Such a curve will result in a 
large decrease in load for the hour with high electricity price, and a large increases in load on the hour 
or hours just prior to the decrease. The second pattern is seen when a lower-priced hour is surrounded 
in time by hours of higher and flat prices. This will lead to the load from several hours being 
concentrated into the low-price hour. The final pattern is seen for a continuously increasing price 
curve, which is usually seen during periods when system demand is increasing. Such a price curve will 
result in a decrease in load during one or a few hours with the load increase being spread out during 
several of the preceding hours to utilize the lower prices.  
4.1 Potentials for demand response  
Resulting from the input data presented in Section 2.3 the technical potential of the power available 
for DR from all electrical space heating systems in Swedish SFDs is 7.3 GW. In other words, this is the 
maximum load that can be used when shifting. The data also gives that the amount of energy storable 
in the SFD building stock is 6.9 GWh/°C. Given the current electricity prices the optimization sub-model 
shows that out of the 7.3 GW technical potential up to 5.5 GW of decreased load and 4.4 GW of 
increased load is observed during one hour. Furthermore, 1.46 TWh of the 17.5 TWh of total electric 
space heating demand are shifted in the case of the high-price year (2010), with 60% of the shifting 
taking place during the winter months, 18% each during the spring and autumn months, and 4% during 
the summer months. For the normal-price year (2012), 0.90 TWh of approximately 13.4 TWh of electric 
space heating demand are shifted, with 63% of the demand being shifted during the winter, 17% in 
the spring, 16% in the autumn, and 4% during the summer months. The shifting is not evenly spread 
between days and can vary substantially within a season, with some days having no shifting at all. 
Figure 4 shows the obtained number of days within steps that have a width of 1 GWh/day of electricity 
shifted for the four seasons for the years of high price (Year 2010) and normal price (Year 2012). It can 
be seen that during winter the days with shifting are fairly evenly spread over the range of electricity 
demand shifted, while for the three other seasons there is a concentration of days with low levels of 
shifted energy (<1 GWh/day). Furthermore, it can be seen that for the normal-price year (2012) case, 
the days with shifting are more concentrated towards days with a low level of energy shifted. Both 
these observations are primarily driven by intraday electricity price fluctuations, which are higher 
during winter and for the high-price year (2010). The maximum amount of electricity shifted during a 
day is 23 GWh, which is seen during the winter of the high-price year (2010). The amounts of shifted 
electricity are lower during the other seasons: around 12 GWh per day in the spring, 19 GWh in the 
autumn, and 2.5 GWh in the summer. For the normal-price year (2012) case, the maximum amount of 
energy shifted is less than that in the high-price year during the winter, autumn, and spring (18 GWh, 
7 GWh, and 10 GWh, respectively), while both years give approximately the same levels of shifting 
during the summer. 
 
  
a) b) 
  
c) d) 
Figure 4. Number of days with a specific number of GWh of electric heating demand shifted for Swedish SFDs, as obtained 
from the modeling for the high-price (2010) and normal-price (2012) years. a, winter; b, spring; c, summer; and d, autumn.  
Figure 5 shows the modeled electricity shift on an hourly basis, separating the increases and decreases 
in load with a step width of 0.4 GWh/h. Only the high-price year is displayed, since the two years show 
similar shifting characteristics. During the winter, the number of hours with increased load exceeds 
the number of hours with decreased load. The number of hours with decreased load is higher than the 
number of hours with increased load for the spring, summer, and autumn. Applying DR during these 
seasons results in the load being concentrated into fewer hours compared to a system without DR. For 
the winters, the opposite is true, with fewer hours with decreased load than with increased load, 
indicating that the load is being spread out during winter months. It is clear that the maximum increase 
in load during 1 hour is similar for the winter, spring, and autumn, while it is considerably lower in 
summer (approximately 4.4 GWh/h). The maximum load decrease during 1 hour is higher for the 
winter than for the other seasons (approximately 5.5 GWh/h for winter, 3 GWh/h for spring, 1.5 
GWh/h for summer, and 4.5 GWh/h for autumn). It can also be seen that for all seasons, the hours 
with a low (<0.4 GWh/h) increase or decrease in load are considerably more numerous than the hours 
with a higher (>0.4 GWh/h) increase or decrease in load, i.e., most of the increases and decreases in 
load comprise small changes in the electric heating demand. Furthermore, it can be seen the maximum 
decrease in load is higher than the maximum increase during winter, while the opposite is the case for 
spring and summer.  
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Figure 5. Numbers of hours with a specific amount of GWh/h of electric heating load being shifted for Swedish SFDs, as 
obtained from the modeling for the high-price year (2010). a, winter; b, spring; c, summer; and d, autumn. 
4.2 Demand response impact on the total system load 
The required price difference for shifting and the shifting time-frame depend on the characteristics of 
the buildings and the weather conditions. A high effective heat capacity requires lower price variations 
between the hours shifted to and from, since the smaller increase in temperature per shifted unit of 
energy results in a smaller increase in energy demand per shifted unit of energy. The effective heat 
capacity will also limit the shifting time-frame because it will determine the amount of storable energy 
available within the indoor temperature range. All parameters that have an impact on the energy flux 
inside (e.g., solar irradiance) and outside a building will influence the shifting time-frame, as they will 
determine how quickly the upper or lower temperature limit is reached. Due to the variability of some 
parameters, such as weather and internal heat gains, the shifting time-frame will not be constant over 
time. The power of the heating equipment will limit the amount of energy that can be shifted to and 
from each time-step and will thus limit the extent to which a specific price difference can trigger DR. 
This is evident in Figure 5a, in that the largest decrease exceeds the largest increase for winter. This is 
due to the fact that during winter months most of the DR potential, i.e., the 7.3 GW total power rating 
for the heating systems, is already being used. Thus, turning off all the heating will result in a larger 
load reduction compared to what it is possible to achieve from a load increase for a given hour. 
The modeling results show that the time-frame for shifting, i.e., the number of hours between an initial 
increase in load and the first subsequent decrease in load, varies greatly during the year. To illustrate 
the shifting behavior and the impact on the total system load, Figure 6 shows the modeled load curves 
for the Swedish SFDs for 2 days in December of the high-price year (2010), divided into load not moved, 
increased load, and reduced load. Figure 6a shows only the electrical space heating load, and Figure 
6b shows the total system electricity load. In Figure 6a, a shifting time of up to 10 hours is seen 
(although the modeling gives up to 12 hours of shifting). Different shifting patterns are observed during 
the year, and two of these can be seen in Figure 6a. One of these is where the load is increased for 
several hours before a decrease in load for 2–3 hours, while the other is where the load is increased 
for 1 hour, followed by 1 hour with decreased load. Figure 6b shows that the first shifting pattern fills 
up the valleys in total electricity demand seen during the night/early morning (hours 8305-8311 and 
8330-8336) and also increases the load during the afternoon (hours 8341-8344). The second pattern 
is seen during several hours of daytime (hours 8315-8324 and 8339-8340). As shown in Figure 6b, these 
increases result in new system peaks during the daytime (e.g., around hour 8320). As a consequence, 
new yearly system peaks are created during approximately 400 hours of the year. The new peaks occur 
because the DR takes place predominantly during the winter months when the total system load 
already is high. A similar pattern is seen for the normal-price year (2012). A third shifting pattern also 
occurs (although it does not appear in Figure 6), whereby the load is increased during 1 or 2 hours and 
then reduced during several hours, i.e., a concentration of load. This pattern is primarily seen during 
the summer, as evidenced by the higher number of hours with decreased load, as compared to the 
hours with increased load during the summer, as seen in Figure 5c. 
 
Figure 6. Modeled load curves for the Swedish SFDs for 2 days in December 2010, divided into load not moved, increased 
load, and reduced load. a, Only the electric space heating; and b, the total Swedish system load. 
Figure 7 shows the duration curves for the Swedish SFDs, as obtained from the modeling work for the 
high-price year (2010). Figure 7a shows the share of the total installed heating capacity that is used 
during each hour of increased load for the entire year, and Figure 7b shows the share of modeled SFDs 
that reach the maximum allowed temperature for each hour of increased load. As Figure 7a shows that 
it is only for a few hours that the total installed heating capacity of 7.3 GW is used during DR, i.e., when 
all the buildings use the maximum heating capacity. It is also clear that during 1,100 of the roughly 
1,800 hours of increased load the installed heating capacity starts to become a limiting factor for parts 
of the building stock. Furthermore, as shown in Figure 7b, the maximum temperature is reached for 
one or more of the buildings during the period of approximately 200 hours. Thus, the energy (heat) 
a) b) 
storage capacity of the buildings is only limiting for a few of the hours with increased load. 
Consequently, it is mainly the economic gain that governs how and to what extent DR is applied in the 
modeling. 
 
Figure 7. Duration curves for the Swedish SFDs, as obtained from the modeling in this work for Year 2010. a, The share of 
SFDs using maximum installed heating capacity during hours of increased load. b, The share of SFDs that have reached 
the maximum allowed indoor temperature during the hours of increased load depicted in panel a. 
4.3 Impacts on electric heating demand and on individual dwellings 
The annual space heating electricity demand in Year 2010 increases by 0.9% (152 GWh) if DR is 
employed, which corresponds to a total system increase in electricity demand of 0.1%. This increase is 
not divided equally between the seasons, as the increases in seasonal electric heating demand are as 
follows: 104 GWh in winter, 18 GWh in spring, 6.9 GWh in summer, and 25 GWh in autumn. For the 
Year 2012 case, the annual electric heating demand increases by 0.6% (95.6 GWh), with 68 GWh in the 
winter, 13 GWh in the spring, 3.4 GWh in the summer, and 12 GWh in the autumn. 
Figure 8 gives the percentage increase in electric heating demand caused by the DR for each of the 571 
representative buildings modeled. As can be seen, the electrical heating demand increases by 0.2%–
2.0% at a building level for the different representative SFDs modeled. The representative buildings 
with high levels of shifting show smaller increases in demand per percentage of heating demand 
shifted, as compared to buildings with a low level of shifting.  
a) b) 
 Figure 8. Percentage increases in electric heating demand caused by DR for each of the 571 representative buildings 
modeled in this study. Each increase is plotted against the percentage of electric heating demand that is shifted for the 
high-price year of 2010. 
Figure 9 gives the indoor temperature profile obtained from the modeling during three 24-hour 
periods in winter time for a high-shift day (18.9 GWh of electric heating shifted; Figure 9a), a medium-
shift day (8.1 GWh shifted; Figure 9b), and a low-shift day (1.1 GWh shifted; Figure 9c). The %-intervals 
correspond to the percentages of SFDs with a temperature within the observed interval or higher. The 
temperature rises predominantly during the night, early morning, and early afternoon, and drops 
during midday and evenings. For a day with a high level of shifting, 100% of buildings are involved in 
shifting, and virtually all of these reach 24°C during 1 hour. For a medium-shift day, at least 90% of the 
buildings are involved in shifting sometime during the day and 10% reach the maximum temperature. 
During the low-shift day, up to 65% of the buildings take part in shifting, although the temperature rise 
in the buildings is relatively small. 
 
 a) b) 
 Figure 9. Temperature profiles for three different 24-hour periods during the winter season. a, A high-shift day (18.9 
GWh shifted); b, a medium-shift day (8.1 GWh shifted); and c, a low-shift day (1.1 GWh shifted). Each interval represents 
a certain percentage of the building stock. 
Figure 10, the operation of the heating equipment of two different SFDs during a high-shift day is 
shown as an example, with Figure 10a showing an SFD with a high degree of shifting and Figure 10b 
showing an SFD with a lower degree of shifting. The discrete jumps are due to the hourly price signal 
to which the operation of the heating system reacts. As can be seen in the figure, the heating system 
of a building with a high degree of shifting operates maximally for several hours with a high degree of 
shifting, and is then turned off for several hours. In contrast, for a building with a low degree of shifting, 
the maximum is reached for only 1 hour and the heating system is never turned off in the example 
shown.  
 
Figure 10. The load patterns of two buildings before and after a DR has been applied for the high-shift day in Figure 9. a, A 
household with a high level of shifting; b, a household with a lower level of shifting. 
The annual cost savings from DR per SFD are generally low, as indicated above. For the high-price year 
(2010), they are in the range of 0.9–330 €/year (corresponding to 0–1.3% of median disposable income 
per person living in Swedish SFDs) or 0.3–12.0% of the total electricity bill for space heating without 
DR, with the median value for the SFD building stock being 72€/year per dwelling or 3.7% of the total 
electricity bill for space heating. For the normal-price year (2012), the annual cost savings are in the 
range of 0.36–97 €/year or 0.2–8.6% of the total electricity bill for space heating, with a median of 23 
€/year per dwelling or 2.0% of the total electricity bill for space heating. Thus, as expected, the savings 
c) 
a) b) 
are lower for the normal-price year (2012) than for the high-price year (2010), yielding a lower level of 
energy shifted in 2012 than in 2010 (cf. Figure 4). The observed range of cost savings is due to the fact 
that the buildings investigated differ correspondingly with respect to installed electric heating capacity 
and building characteristics (e.g., size) and therefore differ in terms of possible economic gain from a 
shift in demand. 
4.4 Sensitivity analysis 
The influence of each input parameter on the results given above [i.e., annual load shifted (MWh), 
annual average indoor temperature (°C), annual electric heating demand (MWh), and annual economic 
savings (€/per year)] is quantified using a normalized sensitivity analysis. A normalized sensitivity 
coefficient, i.e., the corresponding percentage change in the output variable of the model given a 1% 
increase in an input parameter, is calculated according to Firth et al. [49]. Table 2 shows the seven 
input parameters with the strongest influences on the result variables [cf. Mata et al. [29] for the full 
list of parameters used in the model, all of which have been included in this sensitivity analysis]. The 
power rating of the heating equipment shows the greatest positive correlation for the amount of load 
shifted, with a 1% increase in power rating corresponding to a 1.07% increase in the amount of load 
shifted, followed by the effective heat capacity, which shows a 1.05% increase in the amount of load 
shifted. This indicates that an increased ability to supply energy during a low-price time-step has a 
similar impact on the amount of energy shifted as the ability to store more energy per increase in 
temperature degree. However, the effective heat capacity also shows the greatest positive 
correlations for temperature and electricity demand, indicating that the increase in shifting due to 
increased heat capacity is less effective than an increase in power rating. Furthermore, this can also 
be seen in the higher sensitivity coefficient for economic savings for the power rating, as compared to 
the effective heat capacity. This indicates that there is greater monetary value in being able to increase 
the temperature rapidly during a low-cost hour, i.e., use more power, than in being able to store heat 
for a longer duration, i.e., having a higher heat capacity. 
The largest negative correlations for the amount of load shifted are seen for the U-value, surface area 
of the building, heated floor area, and sanitary ventilation rate, due to the increased heat transfer. 
However, despite the increase in heat transfer caused by increase in these values, the correlation to 
electricity demand is negative, as a decrease in load shifts the results to a lower increase in electricity 
demand (see Figure 8). 
  
Table 2. Normalized sensitivity coefficients for the input parameters with strongest influences on the amount of load 
shifted, average annual indoor temperature, electricity demand for space heating, and economic savings. The numbers 
correspond to the response from a 1% increase in the input parameter. 
Input Parameter 
 
Amount of 
demand shifted 
Average annual 
indoor 
temperature 
Electricity 
demand 
Economic 
savings 
Power rating of 
heating system 
1.07 0.33 0.33 1.94 
Effective heat 
capacity 
1.05 0.57 0.58 0.94 
U-value -0.70 -0.52 -0.23 -1.42 
Surface of building 
envelope 
-0.69 -0.52 -0.22 -1.42 
Heated floor area -0.33 -0.28 -0.12 -0.46 
Sanitary ventilation 
rate 
-0.25 -0.25 -0.10 -0.52 
Allowed minimum 
indoor temperature 
-0.13 -0.52 -0.52 -0.72 
5. Discussion 
The modeling carried out in the present work shows that shifting electric space heating can have a 
considerable effect on the overall load curve, with a maximum decrease in load of 5.5 GW and 
increases of up to 4.4 GW (see Figure 5). This shifting and its duration (i.e., energy) can potentially be 
used to facilitate variation management of intermittent power generation on the electricity supply 
side, depending on the characteristics of the variability of the intermittent generation and on the grid 
voltage level connected. As a comparison, the total rated capacity of Swedish wind power is currently 
around 4.4 GW, i.e., corresponding approximately to the maximum increase and decrease seen in the 
model results of this work. However, the reduction and increase in heating load can obviously not be 
performed independently of each other, i.e., the time-span of the variations from the production 
source are important. As mentioned above, the modeling gives that load shifting of the heat demand 
is up to 12 hours. Thus, only variations in generation within that time-scale can be handled through DR 
of the electric heating load. The characteristics of aggregated wind power variations also includes 
longer periods of low output (as is the case for the Nordic region), indicating that the possibility to 
manage wind variations with the electric space heating load may be limited. Given that a smaller 
fraction of the heating power capacity is used, it would be possible to cascade the use of the heating 
systems and thereby achieve longer shift times, albeit with a lower amount of energy shifted. Achieving 
this type of load-shifting pattern would require more than a single price signal as a driver for shifting, 
for instance, the use of an aggregator that can control the load. Furthermore, the utilization of the 
electric space heating demand for managing of solar generation variations is limited. This is due to the 
low seasonal correlation between electric space heating demand and solar electricity generation for 
Swedish conditions [50].  
Part of the large potential for DR capacity, 7.3 GW, identified in this work may also be used to offer 
primary and secondary operating reserves in the electricity system. Short-term variations in load and 
a higher level of intermittent generation in the system brings with it imbalances between planned 
generation and load, which require regulating reserves. The heating load could possibly be used to 
supply some of these regulating reserves. As the ramping rate for the aggregated heating demand is 
instantaneous, it can provide considerable power during hours with rapid changes in electricity 
generation or load. An increased need for rapid ramp rates can occur in systems where high levels of 
intermittent generation are ramping down whilst load is ramping up or staying constant. Such a 
scenario requires a considerable amount of fast-responding reserve capacity, which can be provided 
by the heating load. The quick ramping rate could also reduce the need for spinning and non-spinning 
reserves for contingency events. A possible 3–4 hours of reduced load, as seen in this work, would 
allow for power from the tertiary reserve market to be activated. However, the need for contingency 
services in the case of a failing power generator or transmission line cannot be planned. Therefore, 
preheating of the building stock in order to accommodate a reduction in load would not be possible. 
Instead, consumers would have to accept a reduction in indoor temperature to below the desired level. 
As indoor temperatures would need to be restored, any tertiary reserve activated would need to 
handle this increase in demand. A problem in applying the heating load for these types of services is 
that the available load is weather-dependent. Thus, the heating load brings with it intermittency 
properties to a greater extent compared to other loads, such as fridges and freezers. During summer 
months, the potential for reducing load is limited, which hampers the ability of heating loads to replace 
contingency services. Furthermore, as stated above, the electricity demand forecast is never 
completely accurate, which means that the exact available load that can be used for these services is 
not known beforehand.  
It should be noted that in the modeling the maximum allowed indoor temperature is seldom reached 
and the maximum power rating of the heating system is not always fully utilized, indicating that the 
technical shifting potential, both in terms of time-span and the amount of energy shifted, is larger than 
that obtained from the modeling in this work. The maximum technical potential is not reached because 
the modeling is based on an economic optimization, so the DR is only used when it is economically 
favorable, i.e., the consumers lower their electricity cost. As the Swedish electricity system in 2014 
consists of only around 7% (3.5% for the modeled Year 2010) intermittent production (in terms of 
energy) and regulating hydro power, short-term price fluctuations are relatively small, thereby 
reducing the need for and use of DR. An electricity system in which non-dispatchable electricity 
production sets the electricity price for a considerable part of the year (as opposed to price governed 
by demand) can result in more short-term fluctuations in electricity price. Given that these price 
fluctuations are on the same time-scale as the time-frame for the shifting observed in the current 
modeling, the fluctuations would increase the utilization of the buildings for heat storage. In such a 
system, the creation of new system peaks in electricity demand due to the DR only reacting to day-
ahead prices, as showed by the model, might not be so problematic. The new peaks could appear 
during hours of excess generation and thus be beneficial, whereas in the currently used system, the 
peaks are likely to increase the use of peak-load plants. However, as discussed above, this might still 
not be the optimal way for the system to use the load available for shifting. Furthermore, it can be 
seen that shifting does not take place during all hours with heating demand, which suggests that the 
shifting potential is greater than identified in this work. However, the results give an indication of the 
maximum power capacity and probable shifting times and energy levels that can be expected, given 
the current Swedish system.  
As only an increase in temperature is considered as a means for shifting load in the model, the DR is 
always associated with an increase in total yearly heating demand. This increase may result in 
increased emissions and thus, the potential environmental benefits that result from shifting would 
have to be counter-balanced by the effect of increased demand. Allowing the indoor temperature to 
be lowered below the baseline temperature as a method for shifting avoid the increase in demand. 
However, households would have to accept temperatures below their comfort level during parts of 
the day. 
The results show that the possible savings from shifting are fairly low, with average savings of 2.0%–
3.7% in the annual bill for electric heating. This is obviously far too low and one cannot expect the 
current price structure to prompt consumers to drive the implementation of DR. This is the situation 
despite the indoor temperature in the present work being allowed to increase to 24°C as a result of 
the DR, which is clearly high in terms of what is a reasonable comfort level. The required investment 
cost needed to execute the shifting could further reduce the possible savings, especially since discount 
rates applied by consumers are generally high for investments in improvements in energy efficiency 
[51]. In summary, the value derived from DR must probably be on the supply side, with the utilities 
offering equipment for DR in a way that it is not perceived as negative by the customer. 
Future buildings will likely be more energy-efficient and therefore have a low U-value. As shown in the 
sensitivity analysis, this should increase the possibility for DR as the time-span for shifting the load 
would increase. However, the power rating of the heating equipment will also be lower for such 
buildings. A lower power rating will have the opposite effect to the lower U-value reducing the amount 
of load shifted, since low-price hours cannot be utilized to the same extent.  
Constant COP values are assumed for the heat pumps. This should underestimate their impact during 
the colder winter months, leading to an underestimation of the power available during these hours. 
The averaging should also lead to an overestimation of the power available during late spring and early 
autumn when temperatures are higher. However, as the amount of energy available for shifting during 
periods of higher temperatures is lower than during periods of lower temperatures, the impact of the 
overestimation should be smaller than the impact of the underestimation. The higher level of shiftable 
power during the winter months would also result in a further increase in the new system peaks 
created by the DR.  
As mentioned in Section 3.3, the effective heat capacities have been roughly estimated by multiplying 
a constant by the heated floor area of the archetype. The ISO13790 standard shows a range of 60% 
increase and decrease for the value treated as a constant in the modeling,  for very heavy and very 
light buildings, respectively. A refinement of the input with respect to the effective heat capacity of 
each representative building could substantially change the potentials for DR reported in this work.  
As for the inputs for the U-values, surfaces of the building envelope, heated floor areas, and sanitary 
ventilation rates, these are all based on detailed measurements from the BETSI study and should give 
a good representation of the building stock [37]. 
It should also be noted that the optimization is based on the notion that every consumer minimizes 
their annual electricity bill without this influencing the electricity price. As previously mentioned, this 
creates new peaks in the system, which suggests that from a systems perspective it is not the optimal 
way to shift the load. Thus, in order to uncover the real potential and usefulness of being able to 
dispatch the electric heating demand, the model should be integrated into an analysis/modeling 
system that also includes the electricity generation system. Furthermore, separation of the indoor air 
temperature and building structure temperature could make the modeling more precise. This is the 
case because the air has a lower effective heat capacity than the building structure. Depending on the 
type of heating equipment, the temperature of the indoor air might increase faster than that of the 
building structure, limiting the amount of load that can be shifted within a given hour. It is also likely 
that separating the indoor air temperature from that of the building structure would result in longer 
periods of high indoor temperature during periods of shifting. 
6. Conclusions 
A dynamic cost optimization model is developed to investigate the effects of shifting electrical space-
heating loads in Swedish SFDs as a means for demand response (DR), using the thermal inertia of the 
buildings and the current Swedish electricity retail pricing scheme. 
The power available for DR in the heating system is found to be substantial (7.3 GW). Given the current 
Swedish electricity prices, up to 5.5 GW and 4.4 GW of this potential is used for decreasing load and 
increasing load, respectively, when DR is applied. However, given the price structure applied, there is 
only a weak economic incentive for DR from the houseowner’s perspective. 
The maximum amount of energy that is storable in the SFDs, given an assumed temperature increase 
of 2.8°C, is 19.2 GWh. The amount of electricity shifted by the model is 1.46 TWh for the high-price 
year (2010) investigated and 0.6 TWh for the normal-price year (2012). Around 60% of the electricity 
is shifted during the winter months, 16%–18% during spring and autumn, and 4% during summer. 
Furthermore, it is evident that for the winter, the number of GWh shifted during days with DR is fairly 
evenly distributed in the range of 0.1–20 GWh. For the remaining seasons, shifting is dominated by 
days with shifted levels <1 GWh. During the winter season, the DR results in the load being spread out, 
i.e., there are more hours with an increase in load than hours with a decrease in load. For the other 
three seasons, the opposite pattern is noted, with the concentration of loads into fewer hours due to 
shifting. For all four seasons, the hourly increase or decrease in load is dominated by shifts of <0.3 
GWh/h. Furthermore, we show that load can be moved for up to 12 hours, although the primary 
limiting factor for shifting is weak economic incentives. While the power rating of the buildings limits 
the shifting during roughly one-third of the shifting hours for 50% of the buildings, the effective heat 
capacity is only a limiting factor during very few hours. 
Implementing shifting under the current electricity pricing schemes will result in new system peaks 
during approximately 400 hours. The increases in peak demand could necessitate the use of additional 
peak power plants, thereby increasing the cost of electricity during the hour to which the shift was 
made, as well as potentially increasing CO2 emissions. Thus, if large-scale DR of electric space heating 
is to be implemented other indicators than the day-ahead electricity price are needed given the current 
system. 
Furthermore, if only an increase in temperature is allowed when shifting, as was the case in the 
modeling of this work, the shift results in an increase in electricity demand for space heating 
corresponding to 0.1% of the total system demand, which represents a 0.6%–0.9% increase in the total 
system heating demand, and 0.2%–2.7% of the annual electrical heating demand of a Swedish SFD. 
Approximately 66% of the increase in demand occurs during the winter months, 11%–16% during 
spring and autumn and 4% during summer. Therefore, the DR defined in this work cannot be seen as 
an energy-saving measure. 
The potential monetary savings for households range from 0.9 to 330 €/SFD for the higher-price year 
of 2010 and from 0.36 to 97 €/SFD for the lower-price year of 2012. The large ranges are due to the 
fact that the buildings investigated differ correspondingly with respect to the installed electric heating 
capacity and building characteristics (e.g., size), and therefore have different potentials for securing 
economic gain from a shift in demand. 
Acknowledgments  
This work is financed by the Chalmers-E.ON initiative and FORMAS.  
References 
[1] Kärkkäinen S. Integration of Demand-Side management, Distributed Generation, Renewable 
Energy Sources and Energy Storages.  Report Task XVII Integration of Demand-Side management, 
Distributed Generation, Renewable Energy Sources and Energy Storages2008. p. 77.  
[2] Giordano V, Gangale F, Fulli G, Jiménez MS, Onyeji I, Colta A, et al. Smart Grid projects in Europe: 
lessons learned and current developments: Publications Office; 2011. 
[3] Puranik S. Demand Side Management Potential in Swedish Households A case study of 
dishwasher, laundry and water heating loads: Chalmers University of Technology; 2014. 
[4] The Swedish Energy Agency. Energistatistik för flerbostadshus 2012. In: Nilsson L., editor.2013. 
http://webbshop.cm.se/System/TemplateView.aspx?p=Energimyndigheten&view=default&id=1b8ac
61e73f74329a485993c808b11e2 
[5] Torriti J, Hassan MG, Leach M. Demand response experience in Europe: Policies, programmes and 
implementation. Energy. 2010;35:1575-83. 
[6] Renner S, Albu M, van Elburg H, Heinemann C, Łazicki A, Penttinen L, et al. European Smart 
Metering Landscape Report. Imprint. 2011:1-168. 
[7] Arteconi A, Hewitt N, Polonara F. State of the art of thermal storage for demand-side 
management. Applied Energy. 2012;93:371-89. 
[8] Klaassen C, House JM, Center IE. Demonstration of load shifting and peak load reduction with 
control of building thermal mass. Teaming for Efficiency: Commercial buildings: technologies, design, 
performance analysis, and building industry trends. 2002;3:55. 
[9] Xu P, Haves P, Piette MA, Braun J. Peak demand reduction from pre-cooling with zone 
temperature reset in an office building. 2004. 
[10] Morgan S, Krarti M. Impact of electricity rate structures on energy cost savings of pre-cooling 
controls for office buildings. Building and environment. 2007;42:2810-8. 
[11] Yin R, Xu P, Piette MA, Kiliccote S. Study on Auto-DR and pre-cooling of commercial buildings 
with thermal mass in California. Energy and Buildings. 2010;42:967-75. 
[12] Braun JE. Load control using building thermal mass. Journal of solar energy engineering. 
2003;125:292-301. 
[13] Braun JE. Reducing energy costs and peak electrical demand through optimal control of building 
thermal storage. ASHRAE transactions. 1990;96:876-88. 
[14] Chen T. Real-time predictive supervisory operation of building thermal systems with thermal 
mass. Energy and Buildings. 2001;33:141-50. 
[15] Oldewurtel F, Ulbig A, Parisio A, Andersson G, Morari M. Reducing peak electricity demand in 
building climate control using real-time pricing and model predictive control.  Decision and Control 
(CDC), 2010 49th IEEE Conference on: IEEE; 2010. p. 1927-32.  
[16] Lu N, Katipamula S. Control strategies of thermostatically controlled appliances in a competitive 
electricity market.  Power Engineering Society General Meeting, 2005 IEEE: IEEE; 2005. p. 202-7.  
[17] Hughes L. Meeting residential space heating demand with wind-generated electricity. 
Renewable Energy. 2010;35:1765-72. 
[18] Reynders G, Nuytten T, Saelens D. Potential of structural thermal mass for demand-side 
management in dwellings. Building and Environment. 2013;64:187-99. 
[19] Patteeuw D, Bruninx K, Arteconi A, Delarue E, D’haeseleer W, Helsen L. Integrated modeling of 
active demand response with electric heating systems coupled to thermal energy storage systems. 
Applied Energy. 2015;151:306-19. 
[20] Hedegaard K, Balyk O. Energy system investment model incorporating heat pumps with thermal 
storage in buildings and buffer tanks. Energy. 2013;63:356-65. 
[21] Hedegaard K, Mathiesen BV, Lund H, Heiselberg P. Wind power integration using individual heat 
pumps–analysis of different heat storage options. Energy. 2012;47:284-93. 
[22] Papaefthymiou G, Hasche B, Nabe C. Potential of heat pumps for demand side management and 
wind power integration in the German electricity market. Sustainable Energy, IEEE Transactions on. 
2012;3:636-42. 
[23] Meibom P, Kiviluoma J, Barth R, Brand H, Weber C, Larsen HV. Value of electric heat boilers and 
heat pumps for wind power integration. Wind Energy. 2007;10:321-37. 
[24] The Swedish Energy Agency. Energistatistik för småhus 2012. Energimyndigheten; 2013.  
[25] Statistics Sweden. Electricity supply, district heating and supply of natural gas 2013. 2014.  
[26] SCB. Bostadsbestånd. SCB; 2014. http://www.scb.se/bo0104 
[27] The Swedish Energy Agency. Energy statistics for one- and two-dwelling buildings in 2013. 2014.  
[28] Zimmermann JP. End-use metering campaign in 400 households In Sweden Assessment of the 
Potential Electricity Savings. 2009.  
[29] Mata É, Sasic Kalagasidis A, Johnsson F. A modelling strategy for energy, carbon, and cost 
assessments of building stocks. Energy and Buildings. 2013;56:100-8. 
[30] Swan LG, Ugursal VI. Modeling of end-use energy consumption in the residential sector: A 
review of modeling techniques. Renewable and sustainable energy reviews. 2009;13:1819-35. 
[31] The International Organization for Standardization. Energy performance of buildings -- 
Calculation of energy use for space heating and cooling. 2008.  
[32] Mata É, Kalagasidis AS, Johnsson F. Energy usage and technical potential for energy saving 
measures in the Swedish residential building stock. Energy Policy. 2013;55:404-14. 
[33] Mata É, Kalagasidis AS, Johnsson F. Cost-effective retrofitting of Swedish residential buildings: 
effects of energy price developments and discount rates. Energy Efficiency. 2014;8:223-37. 
[34] Nik VM, Mata E, Kalagasidis AS. A statistical method for assessing retrofitting measures of 
buildings and ranking their robustness against climate change. Energy and Buildings. 2015;88:262-75. 
[35] Mata É, Kalagasidis AS, Johnsson F. Building-stock aggregation through archetype buildings: 
France, Germany, Spain and the UK. Building and Environment. 2014;81:270-82. 
[36] Mata É, Benejam GM, Kalagasidis AS, Johnsson F. Modelling opportunities and costs associated 
with energy conservation in the Spanish building stock. Energy and Buildings. 2015;88:347-60. 
[37] Tolstoy N. Method to describe the technical characteristics of the existing buildings. A Swedish 
survey of 1800 buildings. . Karlskrona, Sweden: The Swedish National Board of Housing, Building and 
Planning; 2011. 
http://www.boverket.se/Global/Om_Boverket/Dokument/about_boverket/betsi_study/method_des
criptions.pdf 
[38] ECMWF. ERA-interim, surface solar radiation downward, skin temperature. In: ECMWF, 
editor.2014. http://www.ecmwf.int/research/era/do/get/era-interim 
[39] The Swedish National Board of Housing Building and Planning. Så mår våra hus - redovisning av 
regeringsuppdrag beträffande byggnaders tekniska utformning m.m. 2009.  
[40] The Swedish National Board of Housing Building and Planning. Teknisk status i den svenska 
bebyggelsen – resultat från projektet BETSI. 2010.  
[41] Boverket. Handbok för energihushållning enligt Boverkets byggregler – utgåva två. In: Boverket, 
editor.2012. http://www.boverket.se/sv/om-boverket/publicerat-av-
boverket/publikationer/2012/energihushallning-enligt-boverkets-byggregler/ 
[42] Nordpool spot. Elspot prices for Sweden 2010 and 2012. 2013. http://www.nordpoolspot.com 
[43] E.ON. Prislista för anvisat elinköp. 2014. http://www.eon.se/privatkund/Produkter-och-
priser/Bli-din-egen-elproducent/ 
[44] Ministry of Finance. Lag om skatt på energi. 1994.  
[45] Statistics Sweden. Priser på elenergi och på överföring av el. 2014. http://www.scb.se/sv_/Hitta-
statistik/Statistik-efter-amne/Energi/Prisutvecklingen-inom-energiomradet/Priser-pa-elenergi-och-
pa-overforing-av-el-nattariffer/ 
[46] The Swedish National Board of Housing Building and Planning. Communication about effective 
heat capacity. 2014.  
[47] The Swedish Energy Agency. Energistatistik för småhus 2010. Energimyndigheten; 2011.  
[48] The Swedish Energy Agency. Mätning av kall- och varmvattenanvändning i 44 hushåll - 
Delrapport i Swedish Energy Agencyens projekt Förbättrad energistatistik i bebyggelsen och 
industrin. Eskilstuna, Sweden2009.  
[49] Firth SK, Lomas KJ, Wright A. Targeting household energy-efficiency measures using sensitivity 
analysis. Building Research & Information. 2010;38:25-41. 
[50] Norwood Z, Nyholm E, Otanicar T, Johnsson F. A Geospatial Comparison of Distributed Solar 
Heat and Power in Europe and the US. PloS one. 2014;9:e112442. 
[51] Epper T, Fehr-Duda H, Schubert R. Energy-using durables: the role of time discounting in 
investment decisions. Swiss Federal Institute of Technology Zürich; 2011.  
 
  
APPENDIX 
Mathematical model for cost optimization of space heating demand 
The General Algebraic Modeling System (GAMS) is chosen as an optimization tool. For all building 
physics equations implemented in the model, i.e., equation 2 and all heat gains and heat losses 
included in that equation, see Mata et al. [29].  
 
min𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = ���𝑝𝑝ℎ,𝑛𝑛 × 𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛�𝑡𝑡
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𝑘𝑘
𝑛𝑛=1
 (A.1) 
𝑻𝑻𝑖𝑖𝑛𝑛𝑡𝑡,ℎ,𝑛𝑛  =  𝑻𝑻𝑖𝑖𝑛𝑛𝑡𝑡,ℎ−1,𝑛𝑛 +  �𝑞𝑞𝑡𝑡,ℎ−1,𝑛𝑛 + 𝑞𝑞𝑣𝑣𝑣𝑣𝑒𝑒,ℎ−1,𝑛𝑛  + 𝑞𝑞𝑖𝑖𝑛𝑛𝑡𝑡,ℎ−1,𝑛𝑛 + 𝑞𝑞𝑟𝑟,ℎ−1,𝑛𝑛  +  𝑞𝑞ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛� 𝐶𝐶𝑚𝑚,𝑛𝑛�  (A.2) 21.2 ≤ 𝑻𝑻𝑖𝑖𝑛𝑛𝑡𝑡,ℎ,𝑛𝑛 ≤ 24 (A.3) 0 ≤ 𝑞𝑞ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛 ≤ 𝑆𝑆𝑛𝑛 (A.4) 
𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛 = 𝑞𝑞ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛 × 𝐸𝐸𝑛𝑛 𝜂𝜂𝑛𝑛⁄  (A.5) 
 
 
where: 
𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = Total cost for heating for all the buildings 
𝑝𝑝ℎ,𝑛𝑛= The price of electricity at hour h 
𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛= Electricity demand for heating in building n at hour h 
𝑻𝑻𝑖𝑖𝑛𝑛𝑡𝑡,ℎ,𝑛𝑛 = Indoor temperature at hour h in building n 
𝑞𝑞𝑡𝑡,ℎ,𝑛𝑛 = Transmission heat losses from building n at hour h (W) 
𝑞𝑞𝑣𝑣𝑣𝑣𝑒𝑒,ℎ,𝑛𝑛 = Heat loss due to ventilation in building n at hour h (W) 
𝑞𝑞𝑖𝑖𝑛𝑛𝑡𝑡,ℎ,𝑛𝑛 = Internal heat gains in building n at hour h (W) 
𝑞𝑞𝑟𝑟,ℎ,𝑛𝑛= Heat gain due to solar irradiance in building n at hour h (W) 
𝑞𝑞ℎ𝑒𝑒𝑒𝑒𝑡𝑡,ℎ,𝑛𝑛 = Heat provided in building n at hour h from heating equipment (W), 
𝐶𝐶𝑚𝑚,𝑛𝑛 = Effective heat capacity of building n (J/K) 
𝑆𝑆𝑛𝑛= Maximum power available from heating system in building n (W) 
𝐸𝐸𝑛𝑛= Share of heating demand covered by electricity in building n 
𝜂𝜂𝑛𝑛= Efficiency of heating equipment in building n 
 
